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Abstract 
 

 

This pilot study explored the effect snow removal operations have on 

thermoplastic pavement markings. Including snow removal as a separate independent 

variable is unique because much of the previous research performed on pavement 

marking degradation mentioned snow removal as a direct cause in a marking degrading 

more rapidly; however, it is mentioned as an afterthought and a suggestion to be 

considered in future research.  

This pilot study looked at 10 thermoplastic markings and all marking data were 

collected in the field, using a hand-held retroreflectometer.  Data collection began 60 

days after initial marking application and ended 12 months after initial marking 

application.  Data were analyzed using linear regression.  

A significant finding was that during the first year, white thermoplastic markings 

located in the center of the road, and that are exposed to snow removal operations do not 

reach the apex of their break-in phase.  Thus, the start of the linear degradation phase 

does not start until at least one year after initial application.
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IMPACT OF SNOW REMOVAL OPERATIONS 

 ON THERMOPLASTIC PAVEMENT MARKINGS 

 

Chapter 1:  Introduction 
 

In 1999, the U.S. Department of Transportation (DOT) teamed with the Federal 

Highway Administration (FHWA) and published The Asset Management Primer, which 

provides a working definition of the evolving concept of asset management:  

A systematic process of maintaining, upgrading, and operating physical 

assets cost-effectively.  It combines engineering principles with sound 

business practices and economic theory, and it provides tools to facilitate 

a more organized, logical approach to decision-making.  Thus, asset 

management provides a framework for handling both short- and long-

range planning (U.S. Department of Transportation; Federal Highway 

Administration, 1999). 

America’s roadways are significant assets that require management.   The modern 

highway system is a complex component of the transportation infrastructure and its 

complexity is often overlooked by most vehicle operators.  Modern roadways are systems 

that encompass many parts (subsystems) to make up the system in its entirety, which is 

often referred to as a large scale system (LSS).  It is the LSS that provides vehicle 

operators a safe reliable means to and from intended destinations (Gibson, Scherer, & 

Gibson, 2007).   
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One of the parts, or subsystems, in America’s roadways is the pavement surface, 

which is typically asphalt or concrete.   Pavement subsystems represent a large capital 

investment within the overall roadway system.  Maintaining pavement subsystems within 

the LSS requires careful decisions about resurfacing or other treatments to keep the 

pavement subsystem in good repair while staying within allocated budgets.  An example 

of such a treatment would be pavement markings, which the Federal Highway 

Administration (FHWA) defines as the visible lines, symbols, and words actually applied 

on the surface of the roads (FHWA, 2009).  These lines, symbols, and words provide 

standardized guidance to enhance overall driver safety.   

1.1 Background 
 

Debaillon et al. (2009) further define pavement markings by stating that 

“pavement markings relay a wide variety of information to drivers.  They are unique in 

terms of traffic control devices because drivers do not have to shift their attention away 

from the roadway in order to receive continuous information.”  Properly implemented 

longitudinal pavement markings convey the following information: 

• Directional information 

• Location of the road center and edges 

• Presence of passing or no-passing zones 

• Indication that a driver is occupying the correct lane (Debaillon, Carlson, 

He, Schnell, & Aktan, 2007) 

 Nighttime drivers are especially dependent on the information relayed by 

pavement markings.  Therefore, the quality of retroreflectivity (RL), light returned to the 
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vehicle operator from the vehicle’s headlights reflecting off the marking, is an important 

attribute enabling information to be received by drivers during hours of darkness.  The 

more reflective a marking is, the easier it is for drivers to safely use the markings for the 

purpose intended.  

Various states are making pavement marking asset management an area of 

concern due to the expense of periodic reapplication of the markings; currently, an 

estimated $2 billion is spent on annual pavement marking maintenance (Carlson, 2009).  

States also need guidance in the minimum retroreflectivity required for pavement 

markings.  As of April 2010, the FHWA released guidance on minimum retroreflectivity 

levels for pavement markings.  These minimum levels allow each state to consider its 

specific roadway attributes and project the service life of the markings.  This projection 

should allow prudent asset management by maximizing the efficiency of restriping 

programs without sacrificing driver safety, especially nighttime drivers.     

Optimizing the pavement marking asset can potentially reduce pavement marking 

costs (Sitzabee, 2010).  Even before FHWA minimum RL guidelines were released, North 

Carolina’s Department of Transportation (NCDOT) had an interest in pavement 

markings, specifically in RL degradation.  North Carolina has been proactively collecting 

data on the state’s 78,000 miles of roads; this collection of data is still in progress.  Initial 

pavement marking retroreflectivity readings and their sequential degradation have been 

recorded for the past eight years.  Accurate data will allow NCDOT to best manage its 

assets and provide a means to quickly identify those roads that do not meet FHWA 

minimum RL standards.   



4 
 

North Carolina is supporting additional research in the area of marking 

degradation, specifically the impact that snow removal operations may have on pavement 

marking retroreflectivity degradation.  North Carolina’s desire to ascertain the effects of 

snow plowing on pavement marking retroreflectivity will optimize the management of 

this asset.   The data collected in North Carolina have resulted in an extensive database, 

which has been used in several prior publications regarding many areas of pavement 

marking research.    

North Carolina’s interest in the degradation of pavement markings caused by 

snow removal operations sparked the idea for a small-scale pilot study on the effect of 

snow removal operations on Beaver Valley Road in Beavercreek, Ohio.   The pilot study 

hopes to definitively show the impact snow removal operations may have on the 

degradation of pavement markings.  Future studies could potentially use the Beaver 

Valley Road findings which could be compared to and, if appropriate, combined with the 

NCDOT database or other available databases.   

This pilot study looked at two types of pavement marking materials that are 

typically used:  waterborne paint and thermoplastics.  The two marking materials were 

separately assigned to an AFIT student; and each student produced an independent thesis.  

Results from waterborne paint markings can be found in a thesis written by Air Force 

Captain Dale Mull.   
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1.2 Scope 
 

Even though both pilot studies will benefit NCDOT as well as other state DOTs in 

which snow removal operations are performed.   This thesis focused on the thermoplastic 

material used for pavement markings and the impact snow removal operations have on 

thermoplastic markings.  This was accomplished by selecting ten, newly applied, white 

thermoplastic markings that were located in the center of the driving lane; thereby 

exposed to maximum traffic as well as maximum snow removal functions.  Although the 

scope of this pilot study was limited to Ohio, many of the lessons can be applied to the 

United States Air Force in managing their pavement marking assets. 

1.3 Objective 
 

The premise of this pilot study is to consider and analyze the specific variables of 

time, snow removal operations, traffic volume, and initial retroreflective values, then use 

regression to develop a model to answer the question if snow removal operations have an 

impact on thermoplastic pavement markings, thereby causing the markings to degrade 

more rapidly. Finding a definitive answer to this question should narrow the gap in 

published research and spotlight avenues of future research in this area. 

1.4 Organization of the Research 
 

 The remainder of this research is organized into four chapters.  Chapter Two 

presents the Literature Review; although much literature was reviewed, only eight 

publications are highlighted in this section.  These eight publications directly relate to the 

importance of this thesis and how this pilot study intends to fill in some of the missing 
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information regarding snow removal and the degradation of pavement markings.  Chapter 

Three presents the Methodology and discusses the method of how data was collected in 

the field specifically for this project.  It is presented in great detail in hopes that the study 

can either be continued or repeated without difficulties.  Chapter Four presents the 

Results and highlights how the observed and documented outcome differed from the 

anticipated results at the start of the study.  Some important “lessons learned” are also 

presented in Chapter Four; hopefully, this should facilitate any follow-on research by 

preventing others from reinventing the wheel.  Chapter Five presents the Conclusion and 

talks to the future research opportunities that may emanate from this pilot study. 
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Chapter 2:  Literature Review 
 

This literature review chapter is organized into three main sections.  The first 

section provides an overview of retroreflectivity by explaining the general concept and 

why it is important on our roadways.  The second section talks about the current 

standards for measuring retroreflectivity and how we arrived at the standards that are 

currently in place. The third and final section summarizes the literature on pavement 

marking retroreflectivity; this section is broken into subsections to highlight specific 

publications used in this thesis.  The first subsection discusses a study done on the 

handheld retroreflectometer.  The subsequent subsections are organized chronologically, 

starting with the most recent, and discuss previous studies on retroreflectivity that have 

some specific element tying them to snow removal. 

2.1 Retroreflectivity 
 

To fully understand how pavement markings degrade, an initial understanding of 

retroreflectivity is helpful.  During pavement marking application, glass beads are 

embedded in thermoplastics while the marking is still in a molten or workable form.  

These beads create retroreflection of the pavement marking.  Retroreflection can be 

accurately measured by either a mobile or handheld device; the handheld device is 

pictured later in the Methodology Chapter.  The measured retroreflectivity is annotated in 

millicandelas per square meter per lux (mcd/m2/lx) (Delta, 2004).   Figure 1 is a simple 

visual of how a glass bead is embedded into the pavement marking material and how 

light rays can strike and then reflect off the glass bead (Hatzi, 2001). 
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Figure 1.  Retroreflection of Light  (Hatzi, 2001) 

 

 

An overarching theme in current pavement marking retroreflectivity literature is 

the significance of the actual measured value of the marking’s retroreflectivity and how 

that measured retroreflective value directly impacts a vehicle operator’s safety during 

hours of darkness.  Experts on the subject have not been able to definitively state the 

correlation of retroreflectivity and safety; this is because it is believed the presence of 

reflective pavement markings is just one part of a system which also includes reflective 

road signs, street lights, traffic signals, guardrails, and raised reflective markers, creating 

a holistic aspect that connects the nighttime driver with roadway safety (Sitzabee et al., 

2009).   



9 
 

2.2 Standards 
 

Moreover, the holistic safety concept regarding nighttime driver safety is so 

subjective that no version of the Manual on Uniform Traffic Control Devices (MUTCD), 

often referred to as The Manual, to include the most recent 2009 version, specifically 

addresses minimum levels for pavement marking retroreflectivity standards.  The 

exclusion of such minimum retroreflective standards violated a 1992 congressional ruling 

which required the Federal  Highway Administration to publish, via a MUTCD revision, 

minimum pavement marking retroreflectivity standards when said markings are “applied 

to roads open to public travel” (FHWA, 2009; HITEC, 2000).   

In search of an industry standard, over the years many states have adopted and 

implemented policy that any reflectivity value below 100 mcd/m2/lx marks the end of 

service life for that specific pavement marking.  This 100 mcd/m2/lx value has also been 

widely published in mainstream literature as the RL value marking the end of the 

pavement marking’s service life, regardless of marking material (Sitzabee et al. 2009;  

Fitch, 2007).  

One example is a report published by the state of Vermont in which 30-meter 

geometry was used to measure the retroreflectivity of pavement markings (Fitch, 2007).  

Vermont used 100 millicandelas per square meter per lux (mcd/m2/lx) at the minimum 

threshold.  Although minimum retroreflective standards have not been published, 

markings measuring below 100 mcd/m2/lx were categorized as needing replacement.   
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In April 2010, a long overdue proposal for a revision to the 2009 MUTCD was 

submitted to the Federal Register.  This proposal included minimum standards for 

pavement marking retroreflectivity.  As of January 2011, the Federal Highway 

Administration is still reviewing comments the proposal generated; however, in the 

meantime, the FHWA website has provided links in which the proposed text that defines 

the retroreflectivity requirements can be viewed (FHWA, 2009)  

Table 1 shows the proposed minimum retroreflectivity.  These minimums 

represent the pavement marking solely and do not consider the significance of any 

additional factors previously mentioned, such as the presence of guardrails or street 

lights.  Compliance with the minimum levels is reportedly going to cost $64 million 

annually on top of the $2 billion already spent on marking maintenance (Carlson, 2009;  

Hawkins, Lupes, Schertz, Satterfield, & Carlson, 2010). 

 

Table 1.  Minimum Retroreflective Levels for Longitudinal Pavement Markings 

 
Posted Speed in MPH 

≤ 30 35 – 50 ≥ 55 

two-lane  roads with centerline markings only  100 250 

all other roads  50 100 

*adopted from FHWA website and measured in mcd/m2/lux using 30-meter geometry 

 

 

ASTM E1710, Standard Test Method for Measurement of Retroreflective 

Pavement Markings, states that portable retroreflectometers, such as the ones used in this 
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pilot study, need to adhere to the 30-meter geometry standard (ASTM, 2009).  The 30-

meter geometry is a FHWA standard and provides agencies with a common guideline for 

collecting and recording RL measurements.  Figure 2 pictorially defines the standardized 

30-meter geometry originally created by the European Committee for Normalization 

(CEN) and later adopted by the American Society for Testing and Materials (ASTM) 

(ASTM, 2009).  It shows how the average driver looks out the windshield approximately 

30-meters in front of the automobile; therefore, that is where the value of the refraction of 

light is measured.  It is important to note that previous to the 30-meter geometry standard, 

12- and 15-meter geometry was a common measurement; however, since the 30-meter 

geometry was adopted by the United States, 12 and 15-meter intrustruments are no longer 

used to measure pavement markings  (HITEC, 2000).  Some literature prior to the 30-

meter geometry adoptions used 12- or 15-meter measurements.  Although the math 

cannot match up with more recent studys, the overall processes, observations, and lessons 

learned may still be very revelent and therefore are included in the literature reviewed for 

this pilot study. 
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Figure 2.  30-Meter Geometry  (HITEC, 2000) 

 

 

2.3 Literature Used to Shape Thesis 
 

 Table 2 summarizes the literature that guided the overall direction of this thesis.  

Immediately after the table, a brief summary of handheld retroreflectometers is given.  

That summary is followed by a short overview of each study presented in Table 2 and 

how each study provided support to help negotiate the path of the Beaver Valley Road 

research.   
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Table 2.  Literature Used to Shape Thesis and Significant Findings  

Year Author Title and Purpose of 
Study 

Key Findings 

2000 Highway 
Innovative 
Technology 
Evaluation 
Center 

Evaluation Findings of 
the LTL 2000 Pavement 
Marking 
Retroreflectometer 

 Predecessor to the LTL-X 

 Can’t be compared to 12- or 
15- meter retroreflectometers 

2007 US 
Department of 
Transportation 

Updates to Research on 
Recommended Minimum 
Levels for Pavement 
Marking Retroreflectivity 
to Meet Driver Night 
Visibility Needs 

RL to meet nighttime 
driver’s needs 

 130 mcd/m2/lx 

2007 Craig, 
Sitzabee, 
Rasdorf, 
Hummer 

Statistical Validation of 
the Effect of Lateral Line 
Location on Pavement 
Marking Retroreflectivity 
Degradation 

 PM location on roadway matters 
- arrows will be subjected to 
max traffic and plowing 

2007 Vermont 

Fitch 

 

Pavement Marking 
Durability Statewide 
Final Report 

 Data collected with LTL 2000 

 Tried to clean pavement of 
debris 

 Winter maintenance had great 
effect on RL degradation 

 Markings showed springtime 
rebound 
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2003 South 
Carolina DOT 

Sarasua, 
Clarke, Davis 

Evaluation of Interstate 
Pavement Marking 
Retroreflectivity 

Clemson performed study 
for SCDOT 

 Thermoplastics PM showed 
significant RL increase after 
application 

 Degrades 10-70 mcd/m2/lx per 
year 

 Snow plowing influence 
degradation 

 Validated LTL 2000 
performance (ambient light, 
climate, road conditions) 

2001  TRB 
Synthesis 

NCHRP Synthesis 306 
Long-Term Pavement 
Marking Practices 

 Severity of winter does not 
contribute service life of 
marking BUT snow operations 
do 

 Linear regression used 

1999 Michigan 

Lee,                   
Maleck, 
Taylor 

Pavement Marking 
Material Evaluation 
Study in Michigan 

 AADT and speed limit of 
roadway do not contribute to RL 
decrease 

 Snow plowing and deicing do 
contribute 

 Linear regression used 

1994 Bagot, Keith Evaluation of Retro-
Reflective Beads in 
Airport Pavement 
Markings 

 Larger beads more snow plow 
damage 

 Larger beads brighter initially, 
smaller beads outperformed 
after 1 year 

 Airport with no snow still 
showed RL decrease but not as 
fast 
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2.3.1 Handheld Retroreflectometer  
  

 Figure 6, in section 3.3, shows a picture of the LTL-X model on a test location.  

The LTL-X is the fourth generation of handheld retroreflectometers manufactured by 

Flint Trading; the LTL-2000 is a predecessor of the LTL-X model.  

 Handheld retroreflectometers must meet three criteria (HITEC, 2000): 

1. measurement bias – measure test panels at  several photometric ranges, the 
average of the range was used as a baseline to compare readings taken with 
the handheld unit 

2. repeatability – handheld unit’s ability to obtain identical readings at the exact 
same point (in the Beavercreek, Ohio pilot study three consecutive readings 
were taken at each location and the average was used; the readings were 
typically within one point, refer to Appendix A for actual data collected). 

3. reproducibility – use of different units to produce the same readings at same 
location (this was done when the switch from LTL-2000 to LTL-X was made) 

 

Handheld units must also be calibrated; this is done in the field by setting the unit to 

zero then performing the calibration to meet the standard established standard (HITEC, 

2000).  It is important to note, pavement markings with different shapes or size, day or 

nighttime data collection, or different pavement surfaces, do not affect the performance 

of the unit and no alterations are needed in the way the unit is used. 

Some findings of the laboratory tests performed on the LTL-2000 found that 

condensation on the marking could impact the readings (HITEC, 2000).  In the field test, 

it was noted that the reading was consistent between different units on the same location 

but moving the unit just slightly to a different location could produce a much lower or 
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higher reading, thereby implying that variations exist regarding the actual uniformity of 

the marking.  The exact reason for this is unknown.  

2.3.2 Department of Transportation 2007 
 

 This publication looked at several studies that surveyed drivers and matched their 

comfort levels with actual pavement marking retroreflectivity.  One approach of the 

Minnesota Department of Transportation (MnDOT) study was that vehicle operators 

were exposed to pavement markings with differing RL values and individually asked to 

rate the quality of the markings based on their personal comfort levels.  MnDOT found 

that as the pavement marking retroreflective values increased, so did driver comfort 

levels.   

An intensive human factors study addressed the interaction of the “human 

system” with the pavement marking system.  Specifically, values from 0 – 120 mcd/m2/lx 

received the most dramatic increase in driver acceptance.  Values from 120 – 200 

mcd/m2/lx showed a shallower incline of driver acceptance as the RL values increased.  

Markings with known RL values of 200 mcd/m2/lx or more received virtually no 

comments regarding increased comfort levels from individual drivers.  

 Interestingly, MnDOT’s recommendation for roads with centerlines and edge 

lines, and a speed limit less than 50 miles per hour, was 40 mcd/m2/lx.  Referring back to 

Table 1, it is seen that this recommendation is close to the proposed MUTCD value for a 

road with the same characteristics of having both a centerline and edge lines.  

Historically, 100 mcd/m2/lx has been industry’s accepted threshold to mark the end of life 
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for any pavement marking, regardless of additional pavement markings or speed limit.  It 

is important to note that the road used in this pilot study, Beaver Valley Road, has a 

speed limit of 35 mph, and it has a centerline and edge lines; therefore, it is prudent to 

implement 50 mcd/m2/lx as the least retroreflectance before marking replacement should 

be considered. 

2.3.3 Craig, Sitzabee, Rasdorf, and Hummer 2007 
 

 This article examined the lateral location of the pavement markings to ascertain if 

marking location was significant in marking degradation.  Over a five year time frame, 

edge lines and centerlines were studied and the result was that centerlines degrade faster 

than edge lines.  This finding helped shape the Beaver Valley Road study because the 

thermoplastic pavement markings studied on Beaver Valley Road are directional symbols 

and are located in the middle of driving lanes; therefore, it can be inferred that these 

markings are located such that they receive maximum exposure to traffic and snow plow 

operations.  To help visualize the actual marking locations of Beaver Valley Road, refer 

Figure 6 and Figure 7 located in section 3.3. 

2.3.4 Vermont 2007, Fitch 
 

 The Vermont study looked at 25 areas of various pavement marking materials 

between 2002 and 2005.  Some of the markings were recessed and others were applied to 

the pavement surface.  Surface application is how the Beaver Valley Road markings were 

applied.   
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Vermont utilized a handheld retroreflectometer, which is what the Beavercreek, 

Ohio, pilot study also used.  Like the pilot study, they also took readings in weather 

below the manufacturer’s recommended temperatures and they also attempted to clean 

the marking of debris before taking a reading with the retroreflectometer.  The study 

revealed that surface markings degraded faster than recessed markings; this observation 

supports the assumption that markings exposed to winter snow plow operations degrade 

more rapidly.  What the Vermont study suggested is that one winter season with snow 

plow operations accounted for more than 100 mcd/m2/lx of RL degradation; although it 

was not mentioned if that season was the first, second, or seventh, winter season.  The 

markings on Beaver Valley Road did not have similar results; however, it was Beaver 

Valley’s first winter season and it is unclear how many more winter seasons the Vermont 

markings were exposed prior to such a significant decrease.   

2.3.5 South Carolina DOT 2003, Sarasua, et al. 
 

 This report served as validation regarding the data collection method chosen in 

the Beaver Valley Road pilot study.  Researchers from South Carolina and Clemson 

University compared different retroreflectometer devices.  Comparisons were made 

between mobile and handheld retroreflectometers, as well as different models of 

handheld retroreflectometers.  The result showed that handheld devices out-performed 

mobile devices; and specifically, that the LTL 2000 model performed exceptionally well 

regarding ambient temperatures that fell outside the manufacturer’s recommended range.  

The LTL 2000 model is what was initially used in the Beavercreek, Ohio, pilot study.   
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Another finding from South Carolina, repeated in other literature (Craig et al. 

2007;  Sarasua et al. 2003; Taek et al. 1999; Bagot, 1994) is that snow plowing 

operations increased the degradation of pavement markings.  Northern tier states involved 

in this study specifically stated that, in their opinion, winter maintenance strongly 

influences the pavement marking service life.  Unfortunately, in this research South 

Carolina did not devise a model to capture the rate of degradation of said markings.   

Lastly, it is important to note that the South Carolina study found that 

thermoplastic pavement markings showed a significant increase of retroreflectivity values 

after initial application of the markings.  The importance of this finding becomes more 

significant because the Beaver Valley Road data show an increase in the RL value for all 

the markings.  Figure 12.  RL Increase after Initial Application shows how the RL 

values of thermoplastic pavement markings will show a significant, non linear increase, 

after initial application (Sarasua et al. 2003).  Once a summit is reached, the natural 

degradation will begin.  Plenty of models have captured the degradation; none to date 

have pinpointed the time in which the apex is reached.  What is assumed is that the apex 

may be reached sooner in markings that are exposed to snow removal operations.  This is 

yet to be validated. 
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Figure 3.  Predictive Curve for Newly Applied Pavement Markings 

 

 

2.3.6 TRB Synthesis (Migletz & Graham, 2001) 
  

 This study was a synthesis that summarized all the literature from 1988 through 

2001.  Many aspects of pavement markings were presented through a study of 85 sites in 

19 different states.  The focus was on linear regression models to determine the 

degradation of pavement markings.  This study evaluated many road types and marking 

types to include white thermoplastic markings placed on asphalt in regions that perform 

snow removal operations, which mirror the Beaver Valley Road attributes. 

 While it was noted that the severity of the snow and climate did not contribute to 

the degradation of the marking’s retroreflectivity, it was made clear that the actual snow 

removal operations did cause the marking to degrade more rapidly.  The authors stated, 

“…snow removal is a major concern in many areas and pavement markings can be 

damaged during snow removal operations. Being able to maintain markings in snow 
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removal areas presents a major challenge…” (Migletz & Graham, 2001). It is also 

important to note that in this study the initial retroreflectivity reading were conducted 

within the first sixty days after application; this means that the Beaver Valley Road 

readings were collected at a point in time that is consistent with other studies. 

2.3.7 Michigan 1999 
 

 This study, conducted over a four year period, evaluated various pavement 

marking materials used for lane delineation.  The study included 50 sites in various 

regions with different climates.  One of the variables considered was annual average daily 

traffic (AADT), and it was found to have no significance on RL degradation; however, it 

was observed that regions with increased snow removal operations showed higher 

degradation rates compared to areas with less snow removal activity.  The authors 

suggested that snow removal be considered as a variable in future research.  The 

Michigan study agrees with other studies in finding AADT to be insignificant.  As a 

result, during design of the model used for the Beaver Valley study, AADT was never 

considered as a separate variable; however, snow removal was entered as a separate 

variable.    
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2.3.8 Bagot 1994 
 

 This one-year study looked at different sized beads imbedded in airfield markings 

and how those beads held up when exposed to snow removal operations.  Even though 

this study was conducted more than 15 years ago and was originally meant to compare 

airfield markings of three separate airfields, it fits the Beaver Valley pilot study in that 

not all of the airfields required snow removal operations due to differing climates.   

Interestingly, the researchers noted that as the number of snow plow strikes increased the 

degradation of the airfield markings also increased. The authors stressed that larger beads 

were more susceptible to snow removal operations; however, the smaller beads on 

airfields with snow removal operations also showed a more rapid degradation compared 

to airfields without snow, and therefore, without snow removal operations. 

2.4 Summary of Literature Review 
 

 The literature summarized some studies that have been previously conducted.  

The first publication discussed the handheld retroreflectometer and gave this measuring 

device credibility; this is important since a handheld retroreflectometer was used in the 

Ohio pilot study.   The remaining literature review introduced seven different studies 

related to pavement marking degradation, a few of which used linear regression modeling 

to capture the degradation rates of pavement markings.  Each study was selected in this 

literature review to show that many researchers believe snow removal has an impact on 

pavement marking degradation; however, none specifically included it in their research 

and therefore it was not included in their models.  The Ohio pilot study does consider 
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snow removal operations as a separate variable and the next chapter will fully define all 

variables as well as the methodology used.   
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Chapter 3:  Methodology 
 

This section presents the methodology used for this pilot study, beginning with 

the test location and how safety played a part in this location being selected.  The 

handheld retroreflectometers are picture here and discussion on how exactly data was 

collected with this devices is discussed.  Lastly the plan to analyze the data is introduced.   

 3.1 Test Location 
 

In this study, an appropriate test deck of pavement markings was required and 

assistance was sought from the Public Service Division located in Beavercreek, Ohio.  Of 

the 560 lane miles and 317 cul-de-sacs for which this division is responsible, several 

roadways were identified as having newly applied pavement markings (Biteman, 2009).   

After some consideration, a 1,955 foot segment on Beaver Valley Road was selected, 

Figure 4 .   
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Figure 4.  Map of Beaver Valley Road 

 

 

3.2 Safety 
 

 Safety is a concern because using a handheld retroreflectometer device puts data 

collection personnel in the middle of the roadway.  Therefore, much consideration was 

given when the test location were selected.  This pilot study’s road segment was 

ultimately chosen for safety aspects, one of which was how much traffic would the data 

collection personnel be exposed to.  Beaver Valley Road has an Annual Average Daily 

Traffic (AADT) of 4,000 vehicles per day, making this a relatively low volume roadway. 

 According to an online route finder that also depicts route elevation, the Beaver 

Valley segment features 82 feet of elevation variation (Create a Route, 2010).  This 

nearly flat section of roadway provides the vehicle operators a clearer line of sight of data 
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collection personnel who would be located on the roadway.   The low AADT and limited 

elevation change met initial safety concerns; however, the 1,955 feet of road segment 

selected was deemed even safer because of a designated turn land that ran the entire 

1,955 feet.  This provided vehicle operators ample room to drive around data collection 

activities without jeopardizing the safety of the vehicle operator or the data collection 

personnel.   

Additional measures taken to ensure safe data collection included an orange 

diamond shaped “workers ahead” sign; fluorescent safety vests worn by data collection 

personnel; use of blinking, vehicle equipped, hazards lights; and a flashing beacon atop 

the truck used to transport data collection personnel.  Figure 5 shows the safety 

equipment used and the approved safety plan can be seen in Appendix D; this safety plan 

follows Ohio’s Department of Transportation standards and was approved an unit safety 

representative assigned at AFIT. 

 

 

 

Figure 5.  Safety Devices Used 
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3.3 Exact Locations and Marking Material                        
 

There were 10 thermoplastic data collection points on Beaver Valley Road.  All 

thermoplastic markings were symbols, turn arrows and only, applied on 8 October 2009 

(Biteman, 2009).  When data collection began on 12 December 2009, the thermoplastic 

markings had never been plowed.   Table 3 shows the GPS coordinates of the 10 marking 

locations, Figure 6 shows the handheld retroreflectometer on its measurement location on 

a turn arrow, and Figure 7 shows the word ONLY; the red line, made known by black 

arrow, depicts where the base of the retroreflectometer was placed.   The five turn arrow 

and five “L” thermoplastic data collection points were selected on the basis of availability 

safe location within the 1,955 foot road segment.   

 

Table 3.  GPS Coordinates for 10 Thermoplastic Test Locations 

Test Location GPS North GPS West 
1 = “L” 39 °43.770 - 084 °01.176 
2 = “turn arrow” 39 °43.777 - 084 °01.175 
3 = “L” 39 °43.750 - 084 °01.179 
4 = “turn arrow” 39 °43.743 - 084 °01.178 
5 = “L” 39 °43.560 - 084 °01.238 
6 = “turn arrow” 39 °43.555 - 084 °01.238 
7 = “L” 39 °43.561 - 084 °01.238 
8 = “turn arrow” 39 °43.556 - 084 °01.240 
9 = “L” 39 °43.313 - 084 °01.319 
10 = “turn arrow” 39 °43.306 - 084 °01.324 

             

 

.    
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Figure 6.  LTL-X Retroreflectometer on Arrow Location 

 

 

  

 

 

 

 

 

 

Figure 7.  Placement of Retroreflectometer on L Location 
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3.4 Devices to Collect Data 
 

A handheld retroreflectometer that met the American Society for Testing and 

Materials (ASTM) 30-meter standard was used for all data collection (ASTM, 2009).  

Figure 2 in section 2.2, provides a visual depiction of the 30-meter standard.   

The retroreflectometer was stored in an unheated garage and transported in the 

bed of a pick-up truck with a hard bed cover; therefore, the device was exposed ambient 

temperatures that reflected the test location.  A field calibration was performed 

immediately prior to data collection.  

Initially, the LTL 2000 was used as a loaner; however, midway into the process a 

new retroreflectometer, the LTL-X, was purchased.  The LTL-X, seen in Figure 6, was 

first used on 5 March 2010 and was used for the remainder of the data collection process.  

Thermoplastic data collection concluded in October 2010.   When the LTL-X was 

introduced, readings with both units were conducted to ensure equivalence in the RL 

value recorded by the two units but only the LTL-X readings were annotated on data 

collection sheets. 

Several factors determined the choice of a handheld device.  Cost was a factor, 

but practicality and safety were the primary factors.  Since there were only a total of 88 

test points (ten were the thermoplastic points addressed in this thesis and 78 were the 

waterborne points addressed in Captain Dale Mull’s thesis), utilizing a handheld data 

collection device was more feasible.   
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3.5 Data Collection Sequence 
 

The initial readings were conducted on 12 December 2009.  Three separate 

readings were collected at each test spot and an average reading for that spot on that 

specific day was calculated.  The actual data collected on the 10 thermoplastic locations 

are shown in Table 4 and Appendix A.   

The maintenance department of Beavercreek, Ohio, has a snow strategy 

memorandum, Appendix B, and it states that actual plowing does not take place until 

snow has accumulated in excess of three inches; any accumulation less than three inches 

receives salt/limestone grit.  This is important because even though data collection began 

after the markings were exposed to salt/limestone grit and brine solution; all data 

collection began before these ten thermoplastic marking locations were ever exposed to a 

snow plow. 

The first snow removal operation that dispatched actual plow trucks to remove the 

snow began on 28 December 2009.  Between initial readings and the first snow event 

there had been some surface preparation for freezing weather; sand/limestone grit 

mixture as well as a liquid brine solution had been applied in accordance with the snow 

strategy policy.  These applications were separately documented but for the purpose of 

the study on the 10 thermoplastic marking test spots, these pretreatments are captured as 

“snow removal operations”, Figure 8 shows the plow truck and shows the blade on the 

truck.  Ohio’s snow strategy is to plow to pavement, which means the blade actually 

comes in contact with the road surface and subsequently the pavement markings.  Figure 
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9.  Salt/Limestone Grit in Bed of Plow Truckdepicts the salt/limestone grit that is 

applied to the roadway; each salt/limestone grit application was captured in the snow 

removal operations. 

  

 

Figure 8.  Plow Truck Used on Test Deck 
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Figure 9.  Salt/Limestone Grit in Bed of Plow Truck 

         

 

During the plowing season, data collection of the retroreflectivity was scheduled 

on an approximate weekly basis; after the snow season, RL collection occurred monthly.  

Variations in time between the snow season data collection events were due to weather 

and personal schedules.  For example, during the month of February, several snow storms 

occurred, making data collection impractical.  The snow covered roads made it unsafe for 

data collection personnel to be in the roadway and the pavement markings were not 

accessible because they were covered with snow and ice.  It is important to note that 

while retroreflective measurements were not being collected, snow removal data were 

still being collected.   Table 5 in section 4.3, shows the comparison of the initial readings 

taken on 12 December 2009 and the final thermoplastic pavement marking readings taken 

on 12 October 2010.    

 



33 
 

3.6 Analyzing the Data 
 

The method by which the Ohio pilot study will analyze the data from the 10 

thermoplastic spots will be with JMP® statistical software.  A mixed stepwise regression 

was used to validate the variables; this is explained in section 3.6.1 and then those 

variables were inserted into a model, which is discussed in section 3.6.2. 

3.6.1 Mixed Stepwise Regression 
 

First a mixed stepwise regression will be used to validate the variables; the JMP® 

stepwise feature computes the estimates and selects variables that should remain in the 

model based on a 95 percent significance level.  The mixed stepwise was used to ensure 

that each time one variable was selected or eliminated the computer software went 

through the remaining variables again to reconsider them for selection or elimination.  

3.6.2 Linear Regression 
 

 Linear regression takes a set of inputs to predict a single output.  This statistical 

modeling is a common method to model the degradation of pavement markings because 

marking degradation has a natural linear decline.  Therefore, that was the method chosen 

for the Ohio pilot study.  Since linear regression assumes three things:  1) variables are 

independent and normally distributed; 2) the population variances are equal; and 3) the 

regression is basically depicted by a straight line (Rao, 1998); JMP® was again used to 

validate these three assumptions by inserting the data and producing a residual by 

predicted plot, a histogram of the residuals, a Q-Q Plot, and a Shapiro-Wilk Test.  The 

residual plot can help visually determine if the variances are equal about the mean and 
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the Q-Q plot is also a visual tool to see if the residuals form somewhat of a straight line.  

If both these visual tools check out, then the assumptions are validated. 
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Chapter 4:  Results 
 

 The results of this study did not follow the plan laid out by the researchers in the 

beginning of the study.  For example, the whole concept was to include snow removal 

operations as an independent variable; however, it fell out of the model when fitted by the 

stepwise selection function in JMP®.  Even though some things fell out, some other 

items from previous publications were validated; such as the RL value increasing after 

initial application.  This section will define the variables and explain why they were or 

were not included in the linear regression model.  The equation used will be introduced 

here as well.  Finally, the results will be discussed and compared in some areas to studies 

introduced in Chapter 2, Literature Review.  This is followed by model validation and 

some lessons learned. 

4.1 Variables Considered and Defined 
 

All data collected were analyzed using JMP® commercial software.  The 

following eight variables were initially considered for inclusion in the model: 

 AADT (annual average daily traffic) 

 Lateral Line Location 

 Pavement Marking Material 

 Snow plow only operations (only the plow) 

 Snow plow operations to include salt/limestone grit and brine applications 

and the plow 
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 Age (in days) 

 Initial RL (readings collected on 12 December 2009 were used as initial 

RL) 

 Current (or final) RL collected on 12 October 2010 

4.1.1 Excluded Variables 
 

 Some variables did not make it into the final model either because they failed to 

meet the 95 percent significance level set up in the mixed stepwise selection done 

through JMP® or for other logical reasons; the reason for exclusion is made clear below.  

4.1.1.1 Average Daily Traffic (ADT) 
 

Only one road was studied and therefore traffic volume was the same for all 

markings.  It is important to note that the Beavercreek maintenance department 

performed a traffic count beginning on 21 September 2010 at 0000 hours and ending 

24-hours later on 22 September 2010 at 0000 hours.  During this 24-hour period, the 

raw count for the south bound lane was 3,945 and the raw count for the north bound 

lane was 3,748.  This is consistent with the last previously recorded reading 

performed on 1 May 2008, where the south bound and north bound lane raw counts 

were 4,110 and 3,805, respectively.  These numbers categorize this stretch of road as 

having low AADT, fewer than 4000 vehicles day, by industry standards.   
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4.1.1.2 Lateral Line Location 

 
All markings were located in the center of the lanes; therefore, they were assumed to 

receive equal exposure to all salt/limestone grit applications as well as snow plow 

activity.  The Beavercreek Snow Strategy, seen in Appendix B, states, “only after the 

entire street system has been treated and plowed for traffic shall crews return to plow 

the balance of the street to the curb if so needed” (Brown, 2009).  Thus, a logical 

assumption is that the markings located in the center of the roadway receive 

maximum snow plow exposure. 

4.1.1.3 Pavement Marking Material 
 

All pavement markings in the study were of the same material so this variable was 

not included in the model.  For informational purposes, the markings were white 

thermoplastic PreMark™ and were 125 mil thick.  This material is listed in the Ohio 

Department of Transportation’s authorized materials list (Davis, n.d.).  Ohio’s target 

RL value at application is 400 mcd/m2/lx, and PreMark meets this target (Davis, n.d.).  

Premark specifications at initial application are a retroreflective value of 500 

mcd/m2/lx (Flint Trading Inc., n.d.).    

4.1.1.4 Snow Plow Only Operations  
 

Using JMP® statistical software, a mixed stepwise analysis, discussed in section 

3.6.1, was use to validate variables and “snow plow only” operations did not meet the 

95 percent significance level and therefore this variable fell out of the final model. 
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4.1.1.5 Snow Plow Operations to include salt/limestone grit and brine applications  
 

This variable also fell out of the final model when a mixed stepwise analysis, 

discussed in section 3.6.1, was performed.  The “snow plow operations to include 

salt/limestone grit and brine applications” did not meet the 95 percent significance 

level. 

4.1.2 Variables Used and Resulting Equations 
 

Only three variables passed the 95 percent significance in the mixed stepwise fit seen 

in Figure 10.  The three variables that were included in the final model are:   

1) Current/Final RL      

2)  Age (in days) 

3) Initial RL 

 

 

Figure 10.  Mixed Stepwise Variables Selected 
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These variables produced the following regression model of  

 

                                        Y = β0 + β1 X1 + β2 X2 + ε                                                        (1)        

            

Where  

Y = dependent variable, Current RL 

    X1 = independent variable, Age in Days  

       with day zero on 12 Dec 2009 

                                        X2 = Initial RL  

                                         β = coefficients 

                                         ε = random error 

 

Using this model, the predicted equation for the 305 days (12 Dec 2009 – 12 Oct 

2010 was  

 

                                    RL = 31 + .74*age in days + .75*RL initials                           (2) 
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4.2 Expected Results  
 

 The anticipated results of this pilot study were for the retroreflectivity of the 

thermoplastic pavement marking to decrease as snow removal operations increased; and 

it was expected to be able to predict the amount of decrease in order to assist with 

marking replacement timelines.   

4.3 Initial Results Unexpected  
 

The model had the current RL as the Y variable (dependent variable) and age in 

days and initial RL as the model effects (independent variables).  The actual by predicted 

plot, Figure 11, shows how the retroreflectivity increased with no visual clues that it 

would stop; this makes no sense for a marking to continually become more reflective as 

time passes.   

 

 

Figure 11.  Actual by Predicted 
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The seemingly never-ending RL increase means that there must be other factors 

contributing to this result.  Some initial speculations were:   

The first reading (also the initial reading) was recorded on 12 Dec 2009, only two 

months after the pavement marking was applied.  This initial reading seen in Table 5 was 

extremely low for such a newly applied marking.  The climate in Ohio in December is 

cold and Beaver Valley Road had already received four treatments to reduce ice on the 

roads.  Similar to the 2007 Vermont study, all the Ohio data collected during the winter 

months revealed erratic variations in the RL values (Fitch, 2007); the assumption for 

Beaver Valley Road was the brine solution that is applied leaves a film on the road 

surface which limits the ability of the handheld retroreflectometer to obtain accurate 

readings.   

In the Vermont study, data collection personnel attempted to cleanse the data 

collection points with a pressure washer before collecting readings.  This approach did 

not produce consistent readings and they, Vermont, abandoned cleansing the collection 

points (Fitch, 2007).  On two separate occasions in the Beaver Valley Road pilot study, a 

broom was used to sweep away any salt or sand on the data collection point.  However, 

sweeping did not cause readings to improve; sweeping the collection point actually 

caused the readings to decrease by more than fifty percent.  Therefore, collection 

personnel decided to cease sweeping.   

This decision was based on three factors.  One was that Vermont also found no 

benefit to cleansing the area.  Second, the Beaver Valley Road showed considerable 

decreases in the RL measurements after being swept clean of salt and sand residue.  Third, 
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in authentic driving conditions the markings would not be cleaned for vehicle operators.  

The team decided to capture and record the true measurement of the marking 

retroreflectivity as viewed by drivers.    

The readings began to level out once spring arrived and the brine and salt residue 

was washed from the roads by the rain.  The readings for each collection day are shown 

in Table 4 and a comparison of initial and final RL values are shown in Table 5.  

 

 

Table 4.  RL Values Collected 

all spots are average of 3 readings taken that day 

Date 1 2 3 4 5 6 7 8 9 10 

12-Dec-09 113 143 191 144 365 214 162 186 88 151 

18-Dec-09 165 122 201 139 228 235 304 263 102 186 

30-Dec-09 193 129 210 143 228 190 321 251 122 195 

18-Jan-10 115 86 122 142 252 161 164 180 77 109 

23-Jan-10 69 59 88 93 160 176 251 215 54 141 

5-Jan-10 232 209 208 232 413 293 280 355 91 229 

9-Apr-10 235 190 152 202 435 233 444 385 124 232 

10-May-10 251 193 150 210 202 452 422 365 148 233 

7-Jul-10 345 264 307 296 514 373 469 244 177 326 

5-Aug-10 386 309 331 345 531 401 518 272 204 360 

10-Sep-10 385 309 341 320 484 375 405 238 217 339 

12-Oct-10 414 323 361 341 558 402 530 232 244 385 
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Table 5.  Initial and Final Data Compared 

Location 

Initial 
RL 

12 Dec 
2009 

Current 
RL 

12 Oct 2010 

Age 

(in 
days) 

Snow  

Ops 

(plow 
only) 

Snow  

Ops 

(sand/salt 

brine and 
plow) Delta Mean SD 

1 113 414 305 42 106 +301 242 118 

2 143 323 305 42 106 +180 195 91 

3 191 361 305 42 106 +170 222 92 

4 144 341 305 42 106 +197 217 89 

5 365 558 305 42 106 +193 383 135 

6 214 402 305 42 106 +188 298 96 

7 162 530 305 42 106 +368 337 132 

8 186 232 305 42 106 +46 260 75 

9 88 244 305 42 106 +156 137 61 

10 151 385 305 42 106 +234 241 92 

Mean 

SD 

176 379 

76 106 

 
 
 
 

Realizing that an indefinite increase in RL is not possible, it is safe to assume that 

another reason for the increase in retroreflectivity may be because the thermoplastic 

marking was applied in October 2009 and is still in the break-in phase of the marking.   

This break-in phase has been considered and documented in previous research (Sarasua, 

et al.); during this phase, it is common for a marking’s retroreflectivity to increase before 
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it starts its natural decrease.  This is captured in the South Carolina study mentioned in 

the literature review; Figure 3 in section 2.3.5 offers a visual depiction of this occurrence.  

The increase is due to the top layer of thermoplastic binding wearing away and exposing 

beads that were more deeply embedded upon initial application.  Thermoplastic is long-

life (durable) pavement marking, so as the top layer of binding material is worn away 

more bead surface is exposed increasing the overall retroreflectivity of the marking.   

Based on this information, it is safe to assume the markings on Beaver Valley 

Road were still in the break-in phase when the last reading was collected on 12 October 

2010.  The break-in phase is definitely an area for further discussion and research to 

ascertain if snow removal operations significantly contribute to thermoplastic marking 

degradation during the break-in phase of the marking even when RL values seem to be 

increasing.   

Another good reference is the 1994 Bagot study, also mentioned in the literature 

review section.  This study compared airport markings in different regions, some 

markings were exposed to snow removal operations and some were not.  It was found 

that markings of the same material and bead size did increase in RL value, but those 

exposed to snow removal operations had a value less then markings not exposed to snow 

removal operations (Bagot, 1994).   Figure 12 is a depiction this concept, this figure was 

created by the author of this thesis.  It is a combination of the Sarasua graph in section 

2.3.5 and fresh input to depict the region without snow removal.  
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Figure 12.  RL Increase after Initial Application  

 

 
 

Satisfied that the reason for the RL increase is due to the marking not reaching the crest of 

the break-in phase and begin a natural decline, the data were analyzed further.   

4.4 Model Validation 
 

 Section 3.6.2 states that linear regression requires that three assumptions be met:  

1) responses are independent and normally distributed; 2) population variance is equal; 

and 3) the regression represents a straight-line function.  

 A review of the statistical software output will show that the model used is valid 

because it meets constant variance and normality measurements as seen in Figure 13, 

Figure 14, and Figure 15.  Figure 13 shows an even distribution of the residuals about the 
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mean.  There is no increase or decrease in the variances and this is true because the 

output is not fanned or coned shape (Rao, 1998). 
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Figure 13.  Constant Variance of Residuals 

 

 

The bell curve in Figure 14 also visually validates that the data come from a normal 
distribution. 
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Figure 14.  Distribution of Residuals 

 

 

Validation of normality with the Q-Q plot consists of graphing the residuals against a 

standard for a normal distribution which should produce a nearly straight line.  Figure 15 

shows the JMP® output for the Q-Q plot and the residuals are within the margins of 

normality. 
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Figure 15.  Q-Q Plot 

 

 

 Figure 16 shows the output for the Shapiro-Wilk test, which tests the data to see if 

it is normally distributed.  This test used a .05 alpha.  Even though the p-value of this test 

was below .05, at a very close .0498, and suggests that the null hypothesis (snow removal 

operations degrade pavement markings) be rejected, researchers in this pilot study 

decided because the sample was so small (n=120) that the null hypothesis should not be 

rejected.  This is validated by visually inspecting the distribution to determine that the 

data are from a normal population.    
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Figure 16.  Shapiro-Wilk Test 

 
 
 

4.5 Noteworthy Field Lessons  
 

Other preliminary assumptions are in reference to edgelines located near private 

mailboxes installed at the road’s edges; the assumption is these data collection points will 

have less degradation because the plow trucks reduce the speed considerably (10-15 

miles slower) to avoid projecting the snow and knocking over the mailboxes.  Driving at 

reduced speeds is not annotated in any official procedural guidance but was observed 

during a 28 December 2009 ride-along during snow removal operations.  The plow 

operator relayed that this was a common practice followed by all drivers to eliminate 

additional time and costs for the City of Beavercreek to replace the mailboxes.  

The 10 thermoplastic marking data collection points were measured, recorded, 

plowed, and monitored in the same fashion as the 39 yellow centerline and 39 white 

edgeline data collection points.  The same assumption is made regarding the brine 
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solution causing erratic retroreflectometer readings.   There are no known or observed 

reasons for plow operators to reduce speed at the thermoplastic test sites as these spots 

were not located near private mailboxes. 
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Chapter 5:  Conclusion 
 
 

This research looked at white thermoplastic pavement markings located in the center 

of the roadway and how snow removal operations may cause these marking to degrade more 

rapidly.  All marking were located in the center of the driving lane and thereby exposed to the 

maximum traffic and snow removal operations on the road.   Based on literature reviewed, it 

seems that this research was unique in that the final model used included snow removal as an 

independent continuous variable.  Pinpointing pavement marking lifecycles will assist all 

managers of this asset by allowing prudent allocation of funds used to maintain markings; 

this maintenance simply means marking reapplication when the end of their service lives are 

reached.  Much of the previous research had to intuitively choose a RL value that defined the 

end of service life.  This thesis has an advantage over all previous research in that there are 

now proposed minimum RL values; these values are to be included in the first revision of the 

2009 MUTCD.   These proposed values seem to have increased the speculated service life 

when implementing previously documented degradation rates. 

5.1 Results 
 

The thermoplastic markings on Beaver Valley Road were applied in October 

2009; the data collection began December 2009 and terminated October 2010; therefore, 

10 months of data has been collected and analyzed from Beaver Valley Road.  Using the 

regression model and the examination of the outcomes of how the Beaver Valley Road 

data did not display a negative regression line was at first a bit disheartening.  However, 

after some thought, a solid assumption is that the break-in phase of thermoplastic 

pavement markings that are exposed to snow removal operations occurs more than 12 
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months after initial application.  This validates finding from the South Carolina study 

where the authors suggests “pavement marking retroreflectivity degrades linearly after a 

significant period after the marking is initially placed (in most cases, a year or more)” 

(Sarasua, et al. 2003). 

5.2 Research Limitations 
 

 Since AFIT’s graduate program runs 18-months, the main limitation of this pilot 

study was time.  If the research could have continued throughout a second winter season 

and data were collected on the same 10 locations; it is very likely the crest of the break-in 

phase could have been observed and recorded.  Perhaps the Vermont findings would have 

been validated, that marking degrades 100 mcd/m2/lx of RL directly after a snow season 

(Fitch, 2007). 

 A second, although, minimal limitation is that the initial RL value was obtained 

approximately 60 days after initial marking application.  Ideally, the initial reading would 

be recorded 30 days after initial marking application, but in the TRB Synthesis, all initial 

readings were collected at 60 day.  However, in the Beaver Valley Road reading the 60 

days after application fell during the first half of the month of December, the average 

temperature was such that Beaver Valley Road had received; five applications of brine 

solution and one salt/limestone grit application to prevent freezing road conditions 

between 24 November 2009 and 10 December 2009.   It is an assumption this brine 

solution and the salt/limestone grit application may have caused the initial RL values 

recorded to be exceptionally low.  Moreover, the solution and melting snow and ice on 
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the road could have played into the condensation factor as addressed in the HITECH 

study of retroreflectometers (HITEC, 2000). 

5.3 Importance of Findings 
  

 With certainty thermoplastic pavement markings do not begin to their 

retroreflective decline for at least the first 12 months after initial application.  This is 

important for asset managers so funds or other resources under their purview, are not 

allocated to collect marking RL data (aside from the initial RL value).   

 Considering the 1999 Michigan study, which stated that thermoplastic degrades at 

.14 percent a day, one could infer that Beaver Valley Road would degrade to the 

minimum level of 50 mcd/m2/lx no sooner than 81 months once the apex of the break-in 

phase is reached (this assumes a 400 mcd/m2/lx initial RL) (Lee, et al. 1999).   

This means white thermoplastic markings, located in the middle of a road with an 

average daily traffic count of approximately 4000 vehicles; in regions that receive 27 

inches of snow (or less) annually and conduct snow removal operations; should not even 

be considered for replacement until 7-1/2 years after initial application.  

This can be a savings for any organization responsible for reapplication of 

thermoplastic markings.   
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5.4 Future Research 
 

Further research is needed to determine exactly when the natural degradation will 

begin to occur.  A great place to find perhaps pinpoint that timeframe is to continue to 

monitor the ten Beaver Valley Road locations.   

Based on some previous studies, such as the 1994 Bagot Airfield Marking Study, 

it is clear that marking materials with same size beads degrade more rapidly when 

exposed to snow removal operations. So another venue to consider is monitoring 

markings in the same region, exposed to same ADT and snow removal operations, but 

that have different bead sizes. 

The regions in the Michigan study received more annual average snow fall than 

Beavercreek Ohio.  The Michigan study snow fall ranged from 40 to 100+ inches; 

whereas Beavercreek Ohio receives an annual average snowfall of 27.3 inches.  Perhaps a 

great future research opportunity would be to match all things, except the amount of 

snow the markings are exposed to (which would increase the snow plow operations). 
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Appendix A:  Data 
 

Date/Day Test Location GPS North GPS West 

Average  
of 3 
Readings 

12 Dec 2009 1 = “L” 39 °43.770 - 084 °01.176 113 
(day 0) 2 = “turn arrow” 39 °43.777 - 084 °01.175 143 
 3 = “L” 39 °43.750 - 084 °01.179 191 
 4 = “turn arrow” 39 °43.743 - 084 °01.178 144 
 5 = “L” 39 °43.560 - 084 °01.238 365 
 6 = “turn arrow” 39 °43.555 - 084 °01.238 214 
 7 = “L” 39 °43.561 - 084 °01.238 162 
 8 = “turn arrow” 39 °43.556 - 084 °01.240 186 
 9 = “L” 39 °43.313 - 084 °01.319 88 
 10 = “turn arrow” 39 °43.306 - 084 °01.324 151 
18 Dec 2009 1 = “L” 39 °43.770 - 084 °01.176 165 
(day 6) 2 = “turn arrow” 39 °43.777 - 084 °01.175 122 
 3 = “L” 39 °43.750 - 084 °01.179 201 
 4 = “turn arrow” 39 °43.743 - 084 °01.178 139 
 5 = “L” 39 °43.560 - 084 °01.238 228 
 6 = “turn arrow” 39 °43.555 - 084 °01.238 235 
 7 = “L” 39 °43.561 - 084 °01.238 304 
 8 = “turn arrow” 39 °43.556 - 084 °01.240 263 
 9 = “L” 39 °43.313 - 084 °01.319 102 
 10 = “turn arrow” 39 °43.306 - 084 °01.324 186 
30 Dec 2009 1 = “L” 39 °43.770 - 084 °01.176 193 
(day 18) 2 = “turn arrow” 39 °43.777 - 084 °01.175 129 
 3 = “L” 39 °43.750 - 084 °01.179 210 
 4 = “turn arrow” 39 °43.743 - 084 °01.178 143 
 5 = “L” 39 °43.560 - 084 °01.238 228 
 6 = “turn arrow” 39 °43.555 - 084 °01.238 190 
 7 = “L” 39 °43.561 - 084 °01.238 321 
 8 = “turn arrow” 39 °43.556 - 084 °01.240 251 
 9 = “L” 39 °43.313 - 084 °01.319 122 
 10 = “turn arrow” 39 °43.306 - 084 °01.324 195 
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18 Jan 2010 1 = “L” 39 °43.770 - 084 °01.176 115 
(day 37) 2 = “turn arrow” 39 °43.777 - 084 °01.175 86 
 3 = “L” 39 °43.750 - 084 °01.179 122 
 4 = “turn arrow” 39 °43.743 - 084 °01.178 142 
 5 = “L” 39 °43.560 - 084 °01.238 252 
 6 = “turn arrow” 39 °43.555 - 084 °01.238 161 
 7 = “L” 39 °43.561 - 084 °01.238 164 
 8 = “turn arrow” 39 °43.556 - 084 °01.240 180 
 9 = “L” 39 °43.313 - 084 °01.319 77 
 10 = “turn arrow” 39 °43.306 - 084 °01.324 109 
23 Jan 2010 1 = “L” 39 °43.770 - 084 °01.176 69 
(day 42) 2 = “turn arrow” 39 °43.777 - 084 °01.175 59 
 3 = “L” 39 °43.750 - 084 °01.179 88 
 4 = “turn arrow” 39 °43.743 - 084 °01.178 93 
 5 = “L” 39 °43.560 - 084 °01.238 160 
 6 = “turn arrow” 39 °43.555 - 084 °01.238 176 
 7 = “L” 39 °43.561 - 084 °01.238 251 
 8 = “turn arrow” 39 °43.556 - 084 °01.240 215 
 9 = “L” 39 °43.313 - 084 °01.319 54 
 10 = “turn arrow” 39 °43.306 - 084 °01.324 141 
5 Mar 2010 1 = “L” 39 °43.770 - 084 °01.176 232 
(day 83) 2 = “turn arrow” 39 °43.777 - 084 °01.175 209 
 3 = “L” 39 °43.750 - 084 °01.179 208 
 4 = “turn arrow” 39 °43.743 - 084 °01.178 232 
 5 = “L” 39 °43.560 - 084 °01.238 413 
 6 = “turn arrow” 39 °43.555 - 084 °01.238 293 
 7 = “L” 39 °43.561 - 084 °01.238 280 
 8 = “turn arrow” 39 °43.556 - 084 °01.240 355 
 9 = “L” 39 °43.313 - 084 °01.319 91 
 10 = “turn arrow” 39 °43.306 - 084 °01.324 229 
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9 Apr 2010 1 = “L” 39 °43.770 - 084 °01.176 235 
(day 118) 2 = “turn arrow” 39 °43.777 - 084 °01.175 190 
 3 = “L” 39 °43.750 - 084 °01.179 152 
 4 = “turn arrow” 39 °43.743 - 084 °01.178 202 
 5 = “L” 39 °43.560 - 084 °01.238 444 
 6 = “turn arrow” 39 °43.555 - 084 °01.238 385 
 7 = “L” 39 °43.561 - 084 °01.238 435 
 8 = “turn arrow” 39 °43.556 - 084 °01.240 233 
 9 = “L” 39 °43.313 - 084 °01.319 124 
 10 = “turn arrow” 39 °43.306 - 084 °01.324 232 
10 May 2010 1 = “L” 39 °43.770 - 084 °01.176 251 
(day 149) 2 = “turn arrow” 39 °43.777 - 084 °01.175 193 
 3 = “L” 39 °43.750 - 084 °01.179 150 
 4 = “turn arrow” 39 °43.743 - 084 °01.178 210 
 5 = “L” 39 °43.560 - 084 °01.238 422 
 6 = “turn arrow” 39 °43.555 - 084 °01.238 365 
 7 = “L” 39 °43.561 - 084 °01.238 202 
 8 = “turn arrow” 39 °43.556 - 084 °01.240 452 
 9 = “L” 39 °43.313 - 084 °01.319 148 
 10 = “turn arrow” 39 °43.306 - 084 °01.324 233 
7 Jul 2010 1 = “L” 39 °43.770 - 084 °01.176 345 
(day 207) 2 = “turn arrow” 39 °43.777 - 084 °01.175 264 
 3 = “L” 39 °43.750 - 084 °01.179 307 
 4 = “turn arrow” 39 °43.743 - 084 °01.178 296 
 5 = “L” 39 °43.560 - 084 °01.238 514 
 6 = “turn arrow” 39 °43.555 - 084 °01.238 373 
 7 = “L” 39 °43.561 - 084 °01.238 469 
 8 = “turn arrow” 39 °43.556 - 084 °01.240 244 
 9 = “L” 39 °43.313 - 084 °01.319 177 
 10 = “turn arrow” 39 °43.306 - 084 °01.324 326 
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5 Aug 2010 1 = “L” 39 °43.770 - 084 °01.176 386 
(day 236) 2 = “turn arrow” 39 °43.777 - 084 °01.175 309 
 3 = “L” 39 °43.750 - 084 °01.179 331 
 4 = “turn arrow” 39 °43.743 - 084 °01.178 345 
 5 = “L” 39 °43.560 - 084 °01.238 531 
 6 = “turn arrow” 39 °43.555 - 084 °01.238 401 
 7 = “L” 39 °43.561 - 084 °01.238 518 
 8 = “turn arrow” 39 °43.556 - 084 °01.240 272 
 9 = “L” 39 °43.313 - 084 °01.319 204 
 10 = “turn arrow” 39 °43.306 - 084 °01.324 360 
10 Sep 2010 1 = “L” 39 °43.770 - 084 °01.176 385 
(day 272) 2 = “turn arrow” 39 °43.777 - 084 °01.175 309 
 3 = “L” 39 °43.750 - 084 °01.179 341 
 4 = “turn arrow” 39 °43.743 - 084 °01.178 320 
 5 = “L” 39 °43.560 - 084 °01.238 484 
 6 = “turn arrow” 39 °43.555 - 084 °01.238 375 
 7 = “L” 39 °43.561 - 084 °01.238 405 
 8 = “turn arrow” 39 °43.556 - 084 °01.240 238 
 9 = “L” 39 °43.313 - 084 °01.319 217 
 10 = “turn arrow” 39 °43.306 - 084 °01.324 339 
12 Oct 2010 1 = “L” 39 °43.770 - 084 °01.176 414 
(day 305) 2 = “turn arrow” 39 °43.777 - 084 °01.175 323 
 3 = “L” 39 °43.750 - 084 °01.179 361 
 4 = “turn arrow” 39 °43.743 - 084 °01.178 341 
 5 = “L” 39 °43.560 - 084 °01.238 558 
 6 = “turn arrow” 39 °43.555 - 084 °01.238 402 
 7 = “L” 39 °43.561 - 084 °01.238 530 
 8 = “turn arrow” 39 °43.556 - 084 °01.240 232 
 9 = “L” 39 °43.313 - 084 °01.319 244 
 10 = “turn arrow” 39 °43.306 - 084 °01.324 385 
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Appendix B:  Beavercreek Snow Strategy 
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Appendix C:  JMP® Output  
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***The Adjusted R2 
is .646 and that is 
consistent with other 
predictive models in 
previous literature. 
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***The Residual by 
Predicted Plot shown to the 
left, depicts an even 
distribution of the residuals 
(no cone or fan shape), 
validating an normal 
population 
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***The Q-Q Plot and the 
Histogram shown to the left, 
both represent normality.   

The Q-Q Plot shows a line 
within the boundaries. 

The Histogram is fitted with 
a bell curve that depicts a 
fairly symmetrical 
distribution from the mean 
for the sample population of 
120, this validates the sample 
is representative of a normal 
population 
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***The Shapiro-Wilk Test 
shown above has a P-value 
less than .05 α, which 
suggest we should reject the 
null hypothesis.  However, 
because the sample is small, 
120, we can choose not to 
reject the null (validated by 
visual inspecting the 
distribution). 
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Appendix D:  Safety Plan 
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